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(57) ABSTRACT

Systems and methods for monitoring a battery stack having a
plurality of cells are provided. One system includes a plural-
ity of time delay circuits. Each of the time delay circuits is
electrically coupled to at least one of the plurality of cells. The
time delay circuits are configured to execute a time delay in
response to receiving a trigger signal and output a time delay
marking signal indicating that the time delay has elapsed. The
time delay is based on a voltage of the cell(s) to which the
respective time delay circuit is electrically coupled. The sys-
tem further includes a control circuit configured to receive the
time delay marking signal from each of the time delay circuits
and, for each received time delay marking signal, to deter-
mine the voltage of the at least one of the plurality of cells
associated with the respective time delay marking signal.

22 Claims, 12 Drawing Sheets

200 —g,
2(')5 2?5 205 2}5 2(')5 2}5
Beginning 235 ;’ J 20 7 Y /’ /
Trigger » Delay » Delay | Delay >
Monitoring 225 /jOR\ (Og oR
Point 48 < <
had g .
210 210 210
255 255 255 255

250 |



U.S. Patent Apr. 26,2016 Sheet 1 of 12 US 9,322,883 B2

100
Battery Stack
122 124 126 128
L L } } |
If Cell 1 _ﬂ_ Cell 2 _ﬂ_ Cell 3 T---LC(;IIN J
132 134 136 138
-/ -/ -/ -/
Time Time Time Time
Delay Delay Delay - m Delay
Circuit 1 Circuit 2 Circuit 3 Circuit N
y %
Galvanic |
Isclation
105
Control Circuit -'/
110
| | 1 145
[\ Processor —+
115
o — e
::c% Memory 8 1/65
o) 150 2 Computing |
> E = Device
= ™ Decoding Database S
gl 455 3 = 170
i jo]
140 \ 160 | [© — ¥
~—- = Control : Display

FIG. 1



US 9,322,883 B2

Sheet 2 of 12

Apr. 26,2016

U.S. Patent

¢ Ol

0G¢

GGZ N\

GGC N\ GG N GGZ ™\
oL¢e olL¢c OlL¢
_ _ | 0€Z
40 d0 0 N p JUIOd
BuLiojuop
Gce
fejpQ |- fejeq | m fejoq e 19661 |
f f 2 Buiuuibeg
f _. f f ozz f ez
GlLe S0c GlLc S0¢ Gl S0C
*— 00z



US 9,322,883 B2

@wa o «QSWI :—% +doat
v ﬂ—/m aND o il
€9 —

0gg - ES\n-nE FT3
sdoar| g1¢ NTTHE

» \-uﬁ 21

91| oLno
9l¢-"~mum
*-nzu 2

T | €Lno
rLe | 2

Sheet 3 of 12

Apr. 26,2016

U.S. Patent

Ar %01
[Rrvm Y| P S
2 |ono v
+
.VOMIJE e N_\tmeiz TONI| &
o -
zoe T e ra- B &
iR - e
PRI A I " i
[
\_ .
_ 90¢ 3
sdeet 122 3 n 0l¢
v/ Wt zﬂw -
= 1
e
Y%

00¢ .\

[~ O

80¢

1
-
-

oL



US 9,322,883 B2

Sheet 4 of 12

Apr. 26,2016

indino
Ndd

00P

v Ol

FRIA
T —1
TI8D
0P T
GOY
_ [4|C8]
7 1
OlLP
_ €122
7 1
GlLY

U.S. Patent



US 9,322,883 B2

Sheet 5 of 12

Apr. 26,2016

U.S. Patent

CEIEP L

G Old

%05
9ey g oI 00 A
ly S22
%0Z ; cd
LD’
Y )\ |
— )
Ly
Lo en AL
%0Z = -
01M Mv 01D £50v8ddil M __®O>
oLzL11
D
a Al
N—
"l
05 N 3oy 300
e ko) 110 s g e  /
dNd %05 001 dNd ved &
2001 Gy
Loy 96y
® & ® *—e
cerep




U.S. Patent Apr. 26,2016 Sheet 6 of 12 US 9,322,883 B2

-------- V(datad) ----V(data3) — — V(data2) ——V(data1)
14V

13V =

12V =
625
1MV =

605

10V = e

Hisvnisstst‘td

tasistssisstLL LY

OV =

630 'y

8V —

Ry el
--—-—
— = =
I o o e
-

7v -
\ n i h v

- ———d - —— l ________________

5V =

- i (L R | S,

2V -

1V -
620 K
ov e
T T T T T T T T T
Oms 7ms 14ms 21ms 28ms 35ms 42ms 49ms 56ms 63ms 70ms

e FIG. 6A




US 9,322,883 B2

Sheet 7 of 12

Apr. 26,2016

U.S. Patent

V(Comparators)

----V(data3) — — V(data2)

weeeeneeV(datad)

72}
£
i S
1
|
1
! »
1 - =
] o0
w
|
1
|
1
] | 2
©
! i
1
ererrerresrrarrsr, R $28000 000 emaeoos ‘“"
] %)
] L =
=7}
! <+
1
anannnnARAARRAARA] ———a=l
1
o O 1 0
K ' £
© © 1 <
P =2
[ERTTrrRTTr—————| :
] n
! £
1 G2
1
Pl
o e ?
8 _ | E
1
7 [}
! | | 2
| | S
! e (Yinos)iieoA
_ S I
] () n
! e _ -
1 © _ T
]
L [ - N IIIIIII A== _
i _ 0
__ oS
M~
! |
l
! |
[l A ”
I I I I I I I = I I I I I I I m
> > > > > >
= ® & = = & & < 3 ? 3 3 P z 2 <

d

19bb11 150d (UINOS)[I19OA + |I99A

FIG. 6B

650 —¢



U.S. Patent Apr. 26,2016 Sheet 8 of 12 US 9,322,883 B2

r 700
705

Execute time delay using fime delay circuit associated with —
one or more cells

¢ 710

Activate marking signal when time delay has elapsed

¢ 715

Determine voltage of cell(s) based on marking signal

720

Yes More cells in

battery stack?

725
End |

FIG. 7



US 9,322,883 B2

Sheet 9 of 12

Apr. 26,2016

U.S. Patent

8 Ol

4311049UDD DUSTY

-~

eJbaqu]

Inpeseq

ges

ureleg

+471

N 32835
v

b

3 4anogAIorIg
-

n

° PERLNCELRT
"

g |, -+ioess

\

0e8

ureyg Asreq 94rM ITOUIS

GG8—

098 —

048—

G/8—

3nog -n
1 5s}
~ 121npoufie1sg Hdlj
130N +n mow
\ianog =t
an
™ 291 hpoyhRe1ag W}
30N +h O _‘ w
U3nog -
En
~ e21npoufie]ag —-
¥
CeRLTY 44 GlLg
Uanog -t
b
F —_—
h 21 npouhe]ag H|}
\30N 4+ ON@
U3ros -n
Sh
> go[npoyfe1ag —-
T
LYy oN +M me

008



US 9,322,883 B2

Sheet 10 of 12

Apr. 26,2016

U.S. Patent

.Alm...l'.‘lw...lem._.lv.AlN._.lval | L—P»-t—Y)N0S | —Po-

G066~ U [BAIB)U]| BUII| = U] 16

o
0
(o]
Q..

(=]

0

»
S

N

=)

o 6Dl

[euBis yinog | a|npo

'
1
1
1
1
1
!
T
1
1
1
'
'
'
'
'
'
'
'
1
1
1
1
1
1
|
[

[eUBIS UQJUNYS ¥ SINPOjy

~-0L6

=2
u abe)joA (18D = UA

! ¥ i " | |

| 0s6~if 0s6~| 056" Se, Y »

i i i A ”

_ H 1 1N

4 (8 do "..._ .......... ” ” «

m m S, !

' ' ' 6. | P | |

" " BJUDAD U0IeIDT] C_m_ %\Q\G ” \Du.ﬂ@v ” mNm ” N>

m pue mco_wm\_mmE_ g._wmmzwpow / < m m F

m e, ¢

! b e L e . 0g6 |

se6 | NS | | |

“A. ........ A I m 3
m > : ! leuBis SO._o”—m._me_ ¥ w_zvoqz vA

m S 1 N 4

NNl B LN

m Go6 m m m jeubis :toz G aINpon % 006
T s = S Sy e . S

: : : : | I : | N | | %

: : : : N . S¥6 | youns

pousd BuneiBbaiul ¢ pINpopy yum |



US 9,322,883 B2

Sheet 11 of 12

Apr. 26,2016

U.S. Patent

Wanog

ceol

U3oH

0c0l

0l "Old

THYI “ND

8¢01

9201

©U3IND

8401

1740NS78 637U

9601

92001

8001
& 210l ——— _|i hﬂ
4| u3nogp O.VO—\
— POl =
0lol
.N 8¢0!1 ERGEC LD
. au1eTD N IIIIIII‘“YI
iu IUTS0- )ﬂ\wm A @.VO _\
v501 L\ 910
P o LA o0201
Jo3eJeduwo) - A _
duyd -
Rﬁ H 8L0L N
.VNO_\ d 909390 DWISSOJA] 0UdZ ML =N SELI | _
_Sma< _uL 0c0l ﬁ,u AP
1T
— e R \g%sfmﬂs T j
Bayds 1o
¥ 090l gv0l

I)_

¢v0l

0001

+1]

oL



U.S. Patent Apr. 26, 2016 Sheet 12 of 12 US 9,322,883 B2

~—1048
1040
~—1034

IntegrateNorth )\_ 1 056

-Delntegrate 1 038

~Datalut

FIG. 11

|Hata[n
[-E0DPulse



US 9,322,883 B2

1
BATTERY MONITORING SYSTEM USING
TIME-BASED SIGNALS

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

The present application claims priority to and the benefit of
U.S. Provisional Patent Application No. 61/621,714, filed
Apr. 9, 2012, the entire disclosure of which is incorporated
herein by reference.

BACKGROUND

The present disclosure relates generally to the field of
monitoring battery cells. More specifically, the present dis-
closure relates to systems and methods for monitoring battery
cells using time-based signals.

Battery stacks or systems (e.g., battery modules, battery
packs, etc.) that include multiple battery cells are used in a
variety of applications. For example, battery stacks may be
used in such applications as electric and/or hybrid vehicles,
uninterruptible power supply systems, power tools, and other
types of applications. Charging and discharging battery cells
to a level outside of an acceptable operating range can result
in damage to the cells and decrease the life cycle of the cells.
By monitoring the voltages of the battery cells, the battery
cells can be controlled to ensure that they are maintained
within an acceptable operating range that will extend the life
cycle of the cells. This is particularly important with certain
battery chemistries, such as lithium chemistries (e.g., lithium-
ion, lithium-polymer, etc.) that are popular with various
applications including those mentioned above.

SUMMARY

One embodiment of the disclosure relates to a system for
monitoring a battery stack having a plurality of cells that
includes a plurality of time delay circuits. Each of the time
delay circuits is electrically coupled to at least one of the
plurality of cells. The time delay circuits are configured to
receive a trigger signal, execute a time delay in response to
receiving the trigger signal, and output a time delay marking
signal indicating that the time delay has elapsed. The time
delay is based on a voltage of the at least one of the plurality
of cells to which the respective time delay circuit is electri-
cally coupled. The system further includes a control circuit
configured to receive the time delay marking signal from each
of the time delay circuits and, for each received time delay
marking signal, to determine the voltage of the at least one of
the plurality of cells associated with the respective time delay
marking signal.

Another embodiment relates to a method for monitoring a
battery stack having a plurality of cells. The method includes,
for each of a plurality of subsets of the plurality of cells,
executing a time delay that is proportional to a voltage of the
subset of cells. Each subset of the plurality of cells includes
one or more cells. The method further includes, for each of the
plurality of subsets of the plurality of cells, activating a time
delay marking signal when the time delay has elapsed. The
method further includes, for each time delay marking signal,
determining the voltage of the associated subset of cells based
on the time delay marking signal.

Another embodiment relates to a system for monitoring a
battery stack having a plurality of cells. The system includes
means for executing, for each of a plurality of subsets of the
plurality of cells, a time delay that is proportional to a voltage
of the subset of cells. Each subset of the plurality of cells
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includes one or more cells. The system further includes
means for activating, for each of the plurality of subsets of the
plurality of cells, a time delay marking signal when the time
delay has elapsed. The system further includes means for
determining, for each time delay marking signal, the voltage
of the associated subset of cells based on the time delay
marking signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a battery monitoring system
according to an exemplary embodiment.

FIG. 2 is an illustration of time delay circuits and marking
signals that may be generated by the time delay circuits
according to an exemplary embodiment.

FIG. 3 is a schematic diagram of a battery monitoring
circuit including time delay circuits configured to monitor
three battery cells according to an exemplary embodiment.

FIG. 4 is an illustration of marking signals that may be
generated using the battery monitoring circuit of FIG. 3
according to an exemplary embodiment.

FIG. 5 is a schematic diagram of another battery monitor-
ing circuit according to an exemplary embodiment.

FIGS. 6A and 6B are graphs illustrating signals that may be
generated using the battery monitoring circuit of FIG. 5
according to an exemplary embodiment.

FIG. 7 is a flow diagram of a process for monitoring cells of
a battery stack according to an exemplary embodiment.

FIG. 8 is a block diagram of a battery monitoring system
according to another exemplary embodiment.

FIG. 9 is a graph illustrating signals that may be generated
using the battery monitoring system of FIG. 8 according to an
exemplary embodiment.

FIG. 10 is a circuit diagram of an analog portion of a delay
module that may be used in the implementation of the battery
monitoring system of FIG. 8 according to an exemplary
embodiment.

FIG. 11 is a circuit diagram of a logic portion of a delay
module that may be used in the implementation of the battery
monitoring system of FIG. 8 according to an exemplary
embodiment.

DETAILED DESCRIPTION

Before turning to the figures, which illustrate the exem-
plary embodiments in detail, it should be understood that the
application is not limited to the details or methodology set
forth in the description or illustrated in the figures. It should
also be understood that the terminology is for the purpose of
description only and should not be regarded as limiting.

Referring generally to the figures, systems and methods are
provided that may be used to monitor the voltage of battery
cells. Battery monitoring systems are important for many
applications to prevent shortening of battery life. For
example, lithium battery cells must not be overcharged or
over-discharged or the cells may be damaged and cycle life
may be reduced. In some applications, the cost of battery
monitoring and management circuitry can be a significant
portion of the total costs for the battery stack.

Measuring cell voltages in battery stacks may involve a
variety of challenges. Voltage measurement of individual
cells may require a high degree of accuracy (e.g., better than
1 percent) for some applications. Accuracy may be particu-
larly important at high and low cell charge levels. For
example, lithium cells have a flat discharge curve (e.g., may
change only 5 mV per 10 percent State of Charge (SOC)
change in the midrange of the curve) with a steep voltage
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increase at a high end of the charge range and a steep voltage
decrease at the low end of the charge range, requiring particu-
lar accuracy at the charging extremes. Additionally, relatively
small cell voltages (e.g., 2.5V to 4V) may be measured and
communicated in the presence of very large common mode
stack voltages (e.g., 300V to 400V across the battery stack).
Parasitic current draw from measurement circuits can also
create an imbalance in the cells of the battery stack over time.
Ideally, a battery monitoring circuit will induce no or very
little (e.g., in the range of microamps) parasitic current draw.
Hot plugging of cells or high current terminal connections
within the battery stack (e.g., connecting battery measure-
ment systems to the cells during operation) can create abnor-
mally large reversal potentials when measured by the mea-
surement circuit. These potentials can damage measurement
devices if such devices are not adequately protected. Some
applications, such as electric vehicles, involve motor inverter
chopping frequencies (e.g., 10 kHz to 20 kHz) that should be
accounted for by the battery monitoring system. Pulse width
modulated chopping drives for high power applications like
electric vehicles may turn on and off the current flowing
through the battery stack very rapidly. Such cycling can create
a very unstable cell voltage environment.

Various solutions may be used to monitor the cells of a
battery stack and determine the voltages of the cells. One
solution may utilize a flying capacitor that is charged up to the
cell voltage and then switched to a chassis-referenced poten-
tial. This solution requires high voltage switches to measure
the cell voltages. A clamped transformer solution includes a
small transformer for each cell with the secondary winding
clamped by the cell. This solution utilizes high cost compo-
nents and is susceptible to vibration.

Other solutions may utilize integrated circuits configured
to monitor cells of a battery stack. A single cell analog-to-
digital converter (ADC) solution may use locally referenced
ADC circuitry and transmit a binary code representing cell
voltages across a potential gradient of the battery stack using
a daisy chained level shifting serial port interface. A grouped
cell ADC solution may use shared ADC circuitry as well as
circuitry configured to reference, range, and multiplex the
analog cell voltages to match a shared ADC input circuit.
These solutions require localized clocked timing and digital
processing of analog signals. The grouped cell ADC solution
may also be limited by the amount of common mode voltage
it can accommodate, limiting the cell grouping size (e.g., no
more than 12 cells). To overcome the voltage limitation, the
grouped ADC solution may include a daisy chained serial
port. The single cell and shared ADC solutions may be higher
cost than the battery monitoring systems and methods dis-
cussed below and may induce higher parasitic current draw
on the battery cells.

The exemplary embodiments discussed herein provide
systems and methods that may be used to monitor battery cell
information such as cell voltages based on time-based sig-
nals. Time delay circuits may be electrically coupled to cells
of'a battery stack and used to convert voltages of the cells into
a time-based representation in which the voltages are repre-
sented by a time interval (e.g., a time interval between output
pulses or marking signals). The time delay circuits may out-
puttime-based marking signals or pulses that may be received
by a control circuit. The control circuit may decode the time-
based marking signals by using time intervals associated with
the marking signals (e.g., time intervals between marking
signals and trigger signals and/or time intervals between adja-
cent marking signals) to determine the voltages of the respec-
tive battery cells. In some embodiments, time delay circuits
may be daisy chained to one another and a marking signal of
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one time delay circuit may be used to trigger the time delay
operation of the next time delay circuit, such that the time
delays for adjacent cells occur in a continuous and consecu-
tive manner.

One or more of the exemplary embodiments presented
herein may provide various advantages. The problem of mea-
suring and communicating small voltages in the presence of
high common mode voltages may be overcome by perform-
ing locally referenced voltage to time conversions and using
pulse position modulation to encode and transmit voltage in a
time-based representation as marking signals. In some
embodiments, the time interval information may be inher-
ently preserved because the trigger signals triggering the
beginning of the time delay operation and the marking signals
marking the end of the delay may be transmitted through the
same digital propagation delay path. In some embodiments,
the same marking signal used to transmit voltage information
in a time-based representation to a control circuit may be used
to trigger the next voltage-to-time conversion sample, creat-
ing a sequential sampling chain reaction and avoiding the
need for the control circuit or another circuit to send separate
trigger signals to each time delay circuit. Some embodiments
may use simpler circuitry, have lower cost per cell, and/or
have lower quiescent current draw and parasitic load on indi-
vidual battery cells as compared to other battery monitoring
solutions. Some embodiments may allow monitoring of bat-
tery stacks without a limit, or with a very high limit, in the
number of cells that may be monitored per control circuit
(e.g., per decoding processor). The use of time-based repre-
sentation may maintain a continuous representation of the
analog voltage of cells, which may allow for a higher resolu-
tion if later converted into digital signals. Some embodiments
may utilize a single point of high voltage galvanic isolation
for signaling, reducing cost as compared to performing gal-
vanic isolation at multiple input points and using multiple
separate devices. Some embodiments may apply relatively
long integration times for cell voltage sampling to average out
sampling noise (e.g., from pulse width modulated chopping
drives of electric vehicles), which may allow for higher data
resolution and more stable measurements than other mea-
surement devices.

Referring now to FIG. 1, a block diagram of a battery
monitoring system 100 is provided according to an exemplary
embodiment. System 100 may be used to monitor informa-
tion relating to a battery stack having multiple battery cells.
The battery cells may be connected to one another in a series
configuration. In some embodiments, the battery cells may
instead be connected in a different configuration, such as a
parallel or a series-parallel configuration. System 100 may be
used to monitor the voltages of individual battery cells or
subsets of cells based on time-based signals. System 100 may
use the determined voltages to monitor and/or record voltages
for each of the cells, provide battery cell information to other
devices and/or to users, monitor the health of the battery cells
and determine if one or more cells have been damaged, bal-
ance the charge of a group of cells, and/or perform other
actions with respect to the battery cells. System 100 may be
used with any type of rechargeable (i.e., secondary) battery,
such as NiCd, lead-acid, NiMH, metal-air batteries (e.g.,
Zn-air, Li-air, etc.), lithium-ion, lithium-polymer, etc.

System 100 includes multiple time delay circuits 132-138
electrically coupled to cells 122-128 of the battery stack and
configured to convert the voltages of cells 122-128 into time-
based marking signals and transmit the marking signals to a
control circuit 105. The time delay circuits 132-138 are con-
figured to receive a trigger signal (e.g., from control circuit
105) and to initiate a time delay operation. The length of the
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time delay is based on (e.g., proportional to) the voltage (and,
accordingly, the charge level) of the respective cell or cells to
which the time delay circuit is coupled. Once the time delay
has elapsed, the time delay circuits 132-138 activate a mark-
ing signal indicating that the time delay has elapsed. The
marking signal may be a brief pulse that is activated (e.g.,
changed from a low to high level) once the time delay has
elapsed and shortly thereafter deactivated (e.g., changed back
to the low level). The time-based marking signal may be
transmitted to the control circuit 105, which may be config-
ured to decode the marking signal and determine the voltage
of the cell associated with the marking signal. In the illus-
trated exemplary embodiment, each time delay circuit is
coupled to a single cell of the battery stack. In other embodi-
ments, each time delay circuit may be coupled to a subset of
the cells of the battery stack, such that one or more of the time
delay circuits may be coupled to multiple cells and generate a
time-based representation of the voltage of the multiple cells.
System 100 may be scaled to monitor a battery stack having
any number of cells (e.g., 100 or more cells) by adding addi-
tional time delay circuits to monitor the cells.

In some embodiments, one or more of the time delay cir-
cuits 132-138 may be configured to generate and transmit a
calibration marking signal representative of a time delay
associated with reaching a fixed fractional voltage. The cali-
bration marking signal may be used to calibrate the control
circuit 105 and may allow control circuit 105 to decode the
marking signals and obtain the voltage information without
utilizing the specific component values (e.g., resistor and
capacitor values) used in time delay circuits 132-138. Insome
embodiments, control circuit 105 may utilize the particular
component values in calculating the voltages rather than
receiving a calibration marking signal.

In some embodiments, time delay circuit 132-138 may be
connected or daisy chained to one another and configured to
trigger one another in a sequential manner. For example, a
first trigger signal may be transmitted to time delay circuit
132 (e.g., by control circuit 105), causing time delay circuit
132 to initiate a time delay operation based on the voltage of
cell 122. Once the time delay of time delay circuit 132 has
elapsed, time delay circuit 132 may output a time-based
marking signal that is transmitted to control circuit 105. The
marking signal output by time delay circuit 132 may also be
transmitted to time delay circuit 134 and used as the trigger
signal to cause time delay circuit 134 to begin the next time
delay operation for cell 124. This process may continue and
marking signals may be transmitted from one time delay
circuit to the next in a chain causing the time delay operations
of time delay circuits 132-138 to execute sequentially. Con-
trol circuit 105 may be configured to receive the marking
signals from each time delay circuit and to determine the
voltages for each cell based in part on the time delay between
adjacent marking signals. In some embodiments, time delay
circuits 132-138 may not be chained to one another, and
separate trigger signals may be transmitted from control cir-
cuit 105 to time delay circuits 132-138 to cause time delay
circuits 132-138 to execute time delay operations.

Control circuit 105 is configured to receive marking signals
from time delay circuits 132-138 and to determine voltages
associated with cells 122-128 based on the marking signals.
Control circuit 105 may include at least one processor 110
configured to execute functions of control circuit 105 and at
least one memory 115 configured to store data and instruc-
tions to be executed by processor 110. Processor 110 may be
any type of general or special purpose processor (e.g., FPGA,
CPLD, ASIC, etc.), and memory 115 may be any type of
machine readable medium (RAM, ROM, flash memory, etc.).
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Control circuit 105 may include an input interface 140
configured to receive the time-based marking signals from
time delay circuits 132-138. In some embodiments, multiple
or all of the marking signals may be received through a single
input of input interface 140. The single input may indicate the
presence of a marking signal when any of the marking signals
output by time delay circuits 132-138 are activated. When
time delay circuits 132-138 are chained to one another and
used to trigger one another, control circuit 105 can determine
which of cells 122-128 a marking signal is associated with
based on how many marking signals have previously been
received. For example, the third marking signal received by
control circuit 105 through the single input may be deter-
mined to be associated with the third cell 126. In some
embodiments, separate inputs of input interface 140 may be
used for separate marking signals.

In some embodiments, control circuit 105 may be isolated
from the high voltage battery stack using a galvanic isolation
circuit 180. Signals from time delay circuits 132-138 may be
received by galvanic isolation circuit 180, and galvanic iso-
lation circuit 180 may be configured to transmit the signals
forward to control circuit 105 without permitting direct cur-
rent flow between time delay circuits 132-138 and control
circuit 105. Control circuit 105 may operate at an independent
voltage and reference/ground voltage than the high voltage at
which the battery pack operates through use of galvanic iso-
lation circuit 180. Galvanic isolation circuit 180 may include
an object such as an opto-isolator circuit (e.g., a circuit con-
figured to transmit signals as optical signals) to transmit cell
data from time delay circuits 132-138 to control circuit 105
across the high voltage boundary between the devices. Some
embodiments may permit data transfer with significantly
reduced costs by using a single point of monitoring. For
example, all outputs of time delay circuits 132-138 may be
routed through a single transmission path to a single input of
control circuit 105. This may require only a single galvanic
isolation circuit 180 (e.g., a single opto-isolator circuit) for all
of time delay circuits 132-138 as opposed to a separate gal-
vanic isolation circuits for each time delay circuit. Transmit-
ting data between time delay circuits 132-138 may be less
complex as opposed to sending it directly to control circuit
105 because the voltage differential between cells 122-128 is
typically much lower than the voltage difference between
each of cells 122-128 and control circuit 105.

Memory 115 may include a decoding module 150 config-
ured to decode the time-based marking signals received from
time delay circuits 132-138 and to recover the voltages of
cells 122-128. In some embodiments, decoding module 150
may determine voltages based upon the time between mark-
ing signals and knowledge of component values of time delay
circuits 132-138. In some embodiments, decoding module
150 may determine voltages based upon the time between
marking signals and a configuration marking signal represen-
tative of the time to reach a fixed fractional voltage. Use of a
fixed fractional reference voltage allows decoding module
150 to determine voltages without utilizing the specific com-
ponent (e.g., resistor and capacitor) values of time delay
circuits 132-138. In some embodiments, control circuit 105
may be configured to store the resultant voltage values for
cells 122-128 in a database 160. Voltage values for cells
122-128 may be tracked over time and may be used to deter-
mine the health of cells 122-128. In some embodiments,
voltage values may be transmitted through an output interface
145 to a computing device 165 configured to perform addi-
tional calculations or functions using the voltage values and/
or to a display 170 configured to display the voltage datato a
user.
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In some embodiments, memory 115 may include a control
module 155 configured to generate control signals used to
control the charging and discharging of cells 122-128. For
example, control module 155 may be configured to generate
control signals configured to cause the voltage levels of cells
122-128 to become balanced when it is determined that there
is a substantial charge imbalance between cells. Control mod-
ule 155 may be configured to charge or discharge cells when
cells are determined to have a voltage outside of a normal or
safe operating range for the cells. In some embodiments,
control module 155 may send signals to a separate charging
module or device configured to charge and discharge the
battery stack. In some embodiments, one or more modules
(e.g., decoding module 150 and/or control module 155)
shown as being implemented as instructions stored within
memory 115 may be additionally or alternatively imple-
mented using one or more hardware circuits.

In some embodiments, one or both of time delay circuits
132-138 and control circuit 105 may be embedded within
and/or sold as a unit with the battery stack. In some embodi-
ments, time delay circuits 132-138 and/or control circuit 105
may generate and/or decode signals without using a multi-
plexer, level shifter, analog to digital converter, or serial port.
In some embodiments, marking signal generation and decod-
ing may be performed without using a reference voltage, such
as by utilizing a voltage of a previously analyzed cell as a
comparison voltage.

Referring now to FIG. 2, an illustration of time delay
circuits 205 and marking signals 255 that may be generated
by time delay circuits 205 is shown according to an exemplary
embodiment. A beginning trigger signal 235 may be used to
trigger the time delay operation of a first time delay circuit.
Once the first time delay operation has completed, a marking
signal may be generated and sent along a transmission path
225 to a monitoring point 230 (e.g., an input of a control
circuit) where the marking signal may be received and
decoded to determine a voltage of a cell being monitored
using the first time delay circuit. The marking signal may also
be sent along a transmission path 220 to a second time delay
circuit and used as a trigger signal for the second time delay
circuit to begin a second time delay operation for another cell
or group of cells. This cascading sequence of pulse marked
time delays may continue, with each marking signal being
transmitted toward monitoring point 230 and also used to
trigger the next time delay circuit, until a last time delay
circuit has completed a time delay operation and the last
marking signal has been transmitted toward monitoring point
230. All of the marking signals may be transmitted along the
same transmission path and electrically combined (e.g., using
an electrical “OR”) in a manner such that activation of a
marking signal by any of time delay circuits 205 will register
as an active marking signal at monitoring point 230. A pro-
cessing circuit connected at monitoring point 230 may deter-
mine the voltages of the cells associated with time delay
circuits 205 based in part on the amount of time between
sequential marking signals 255.

Referring now to FIG. 3, a schematic diagram of a battery
monitoring circuit 300 including time delay circuits config-
ured to monitor three battery cells is shown according to an
exemplary embodiment. In some embodiments, multiple of
the circuits shown in FIG. 3 may be chained together to
monitor battery stacks having more than three cells. Circuit
300 utilizes an exponential ramp and compare operation for
encoding and decoding of voltage information. In other
embodiments, circuit 300 may be modified to utilize a linear
ramp and compare operation. Circuit 300 is able to achieve
voltage conversion of three cells using less components than
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if separate time delay circuits were used for each cell because
the voltage reference and ramp circuit is shared between the
three cells. The accuracy of the ratio between cells is also not
limited by the accuracy of the voltage reference.

Circuit 300 includes a quad comparator, a voltage refer-
ence, a voltage divider, and a capacitor charge ramp. Four
pulses are generated by circuit 300 to represent the three cell
voltages. A cell coupling connector 308 may be used to
couple circuit 300 to the battery cells, with one cell connected
across terminals 1 and 2 of connector 308, another cell con-
nected across terminals 2 and 3, and the third cell connected
across terminals 3 and 4. A connector 302 may receive an
input enable or trigger signal, labeled EN_IN, configured to
begin a time delay operation of circuit 300. When the trigger
signal is received, a transistor 310 is enabled and a capacitor
C1 begins charging. Once capacitor C1 has charged to a
reference voltage Vr (e.g., 1.182V), a comparator 312 acti-
vates output OUTA, which in turn activates a transistor 322
and outputs a first time-based marking signal through a
DATA_OUT output of connector 302. Once a capacitor C1 is
charged to a voltage V1 that is the equal to the voltage of the
first cell, a comparator 314 activates output OUTB, which in
turn activates transistor 324 and outputs a second marking
signal through the DATA_OUT output of connector 302.
Once capacitor C1 is charged to a fractional voltage defined
by a voltage divider consisting of resistors R3 and R4, a
comparator 316 activates output OUTC, which in turn acti-
vates transistor 326 and outputs a third marking signal
through the DATA_OUT output of connector 302. Once
capacitor C1 is charged to a voltage V2 equal to the combined
voltage of the first and second cells, a comparator 318 acti-
vates output OUTD, which in turn activates transistor 328 and
outputs a fourth marking signal through the DATA_OUT
output of connector 302.

Additional cells may be monitored by connecting multiple
circuits in a chain configuration by connecting a connector
302 of one circuit to a connector 304 of another circuit. The
OUTD signal activated by comparator 318 may also be used
to activate a transistor 330 and to enable an EN_OUT output
of connector 304. This output may be connected to an EN_IN
input of an adjacent time delay circuit and may be configured
to begin the time delay operation of that circuit. Marking
signals output by the adjacent circuit may be transmitted
through the DATA_OUT output of that circuit to the
DATA_IN input of connector 304 and propagated through
transistor 320 to the DATA_OUT output of connector 302. In
this manner, marking signals of multiple time delay circuits
may be transmitted through a single transmission path to a
single input of a control or measurement circuit.

A control circuit may be configured to receive the marking
signals output by circuit 300 through the DATA_OUT output
of connector 302 and determine the voltages of the battery
cells based on the marking signals. The following values may
be used by the control circuit in determining the voltages:

Vr=Voltage Reference (e.g., 1.182V)

=R4/(R3+R4)=0.5

Tr=time to charge C1 to reference voltage Vr and activate
OUTA (i.e., time from activation of enable signal
EN_IN to first marking signal)

T1=Time to Charge C1 to V1 and Activate OUTB (i.e.,
time from activation of enable signal EN_IN to second
marking signal)

Tf=Time to Charge C1 to Fractional Voltage and Activate
OUTC (i.e., time from activation of enable signal
EN_IN to third marking signal)
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T2=Time to Charge C1 to V2 and Activate OUTD (i.e.,
time from activation of enable signal EN_IN to fourth
marking signal)

The following exponential values may be determined by

the control circuit based on the determined times between
received signals:

er=exp(Tr/If*In(1-f))
el=exp(T1/If*In(1-f))

e2=exp(72/If*In(1-f))

The control circuit may use these values to determine the
voltages of each of the cells as follows:

Cell 1=(1-e1)*V#/(1-er)
Cell 2=(el-e2)*V#/(1-er)

Cell 3=e2*Vr/(1-er)

In the equations above, the expression Vr/(1—er) is equiva-
lent to the combined three cell voltage V3 of the cells moni-
tored by circuit 300. It is also apparent that Vr/(1-er) will
cancel out if calculating the ratio of cell voltages.

Referring now to FIG. 4, an illustration 400 of marking
signals that may be generated using circuit 300 is shown
according to an exemplary embodiment. A capacitor (e.g.,
capacitor C1 of circuit 300) gradually charges to a combined
voltage level of three cells 405, 410, and 415 connected in
series. A voltage divider consisting of two resistors 420 and
425 is used to generate a fractional voltage used for timebase
correction and configuration. The RC timebase of circuit 300
can be influenced by temperature and component values, and
the extra reference pulse may be used to compensate for this
drift. The first marking signal 435 is generated when the
capacitor charges to a fixed reference voltage (e.g., when
OUTA in circuit 300 is activated by comparator 312). The
second marking signal 440 is generated when the capacitor
charges to the voltage of first cell 405 (e.g., when OUTB in
circuit 300 is activated by comparator 314). The third mark-
ing signal 445 is generated when the capacitor charges to the
fractional voltage defined by the voltage divider (e.g., when
OUTC in circuit 300 is activated by comparator 316). The
fourth marking signal 450 is generated when the capacitor
charges to the voltage equal to the combined voltage of first
cell 405 and second cell 410 (e.g., when OUTD in circuit 300
is activated by comparator 318). Fourth marking signal 450
may be used as the trigger signal for another time delay
circuit.

Referring now to FIG. 5, a schematic diagram of another
battery monitoring circuit 500 is shown according to an
exemplary embodiment. Circuit 500 requires only a single
wire bus (e.g., North/South bus) for data, trigger, and voltage
reference signals. Circuit 500 also does not require a separate
voltage reference signal because the voltage of an adjacent
cell is used as a reference. In some embodiments, circuit 500
may be used within a custom 4-pin integrated circuit for a
solution to be embedded within the battery stack.

Circuit 500 uses a single wire bus by which signals are
communicated to and from an upstream adjacent circuit (a
circuit before circuit 500 in a chain of circuits) through a line
labeled data3 and signals are communicated to and from a
downstream adjacent circuit (a circuit after circuit 500 in the
chain) through a line labeled data2. When a signal on data3 is
released after being substantially high (e.g., indicating a trig-
ger or marking signal of the previous time delay circuit),
transistor Q18 is momentarily activated by transistors Q12
and Q17. The activation of transistor Q18 in turn activates

10

15

20

25

30

35

40

45

50

55

60

65

10

transistor M2, which is latched into an “ON” state by com-
parator U3. Data2 is latched into a high state when data3 is
released. Capacitor C5, which is normally charged to the
voltage across the neighboring cell to the south, is pulled to
the positive rail of the active cell by transistor M2 and begins
discharging after data3 is released. A voltage of Vcell plus the
voltage across the neighboring cell to the south, Vcell(south),
is seen at the negative inputs of comparators U3 and U4.
Comparator U3 continues to latch transistor M2 into the
“ON?” state until the voltage across capacitor C5 drops to half
of'the voltage Vcell of the cell being monitored by circuit 500,
based on the voltage divider consisting of resistors R18 and
R27. Once the voltage across capacitor C5 discharges to
Veell, a first marking signal pulse is generated by comparator
U4 and transistor Q9 and is transmitted across data3 by tran-
sistor Q11. Once the voltage across capacitor C5 discharges
to 0.5*Vcell, another marking signal pulse is generated by
comparator U4 and transistor Q8 and transmitted across data3
by transistor Q11. Data2 is released into a low state, trigger-
ing the time delay operation of the next time delay circuit.
Transistor Q10 monitors data2 for data signals traveling back
through data2 to be transmitted across data3. Transistors Q8
and Q9 monitor for marking signals generated by compara-
tors U3 and U4 of circuit 500. When transistors Q8, Q9,
and/or Q10 are activated, transistor Q11 is activated and the
signals are propagated north across data3. The data signals
may be transmitted to and monitored at the beginning of the
data bus. A control circuit connected to the beginning of the
data bus may determine the relative voltage of adjacent cells
according to the following equation:

Veell(n-1)Ncell(m)=exp(In(2)*timel/time2)-1

The terms timel and time2 in the equation above refer to
the delay time associated with the first and second marking
signal pulses generated by comparators U4 and U3, respec-
tively. Because circuit 500 uses dual comparison events, the
RC time constant is cancelled out. Incorporating the voltage
of the neighboring cell Vcell(south) into the discharge ramp
allows time intervals to be produced that represent a ratio of
neighboring cell voltages. The second marking signal and
associated time interval can be used to cancel out RC com-
ponent values from the voltage decoding.

Referring now to FIG. 6A, a graph 600 illustrating signals
that may be generated by multiple circuits like circuit 500 is
shown according to an exemplary embodiment. A signal 605
may appear on an uppermost portion of the signal bus labeled
datad. A signal 610 is the signal appearing on the upper
portion of the signal bus in circuit 500. A signal 615 is the
signal appearing on the lower portion of the signal bus in
circuit 500.

When signal 610 goes into a low state after being high at
approximately 25 ms, the time delay operation of circuit 500
begins. Two marking signal pulses 630 occur when the volt-
age across capacitor C5 discharges to Vcell and 0.5*Vcell.
After the voltage across capacitor C5 reaches 0.5*Vcell and
the second pulse occurs on data3, signal 615 on data2 goes
low, starting the delay operation of the next time delay circuit.
When the marking signal pulses occur in the next time delay
circuit, they propagate up through data3 and data4. The con-
trol circuit may monitor the data pulses and perform conver-
sions using signal 605 on datad, which will include all of the
marking signal pulses of subsequent circuits. In some
embodiments, an incoming data pulse (e.g., as reflected in
signal 620) during an active state time slot for a particular
module could be used to expand functionality of the circuit,
such as to latch shunt a resistor for dissipative charge balanc-
ing.
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Referring to FIG. 6B, a second graph 650 illustrating addi-
tional signals that may be generated by multiple circuits like
circuit 500 is shown according to an exemplary embodiment.
Graph 650 illustrates the signals 610 and 615 representing the
signals that may be seen at data3 and data2, respectively, in
circuit 500 during operation. Graph 650 also illustrates a
signal 660 that represents a voltage that may be seen at the
negative input of comparators U3 and/or U4 during operation.
When data3 signal 610 goes high, the voltage across capacitor
C5 seen at the input of comparators U3 and U4 jumps to
approximately Vceell (the voltage of the cell monitored by
circuit 500)+Vcell(south) (the voltage of the neighboring cell
to the south). When data3 signal 610 goes low, capacitor C5
begins to discharge in the manner illustrated by signal 660.
When capacitor C5 discharges to a voltage equal to Vcell (see
point 665), the first marking signal is triggered at a time
labeled timel after the falling edge of data3 signal 610. When
capacitor C5 discharges to a voltage equal to 0.5*Vcell (see
point 670), the second marking signal is triggered at a time
labeled time2 after the first marking signal was triggered.
Timel and time2 may be used to determine the relative volt-
ages of adjacent cells in accordance with the equation and
process described above.

Referring now to FIG. 7, a flow diagram of a process 700
that may be used to monitor cells of a battery pack is shown
according to an exemplary embodiment. In some embodi-
ments, process 700 may be carried out using one or more
components of system 100, circuit 300, and/or circuit 500.

A battery monitoring system may be configured to execute
a time delay using a time delay circuit associated with one or
more cells of a battery pack (705). The time delay is based on
(e.g., proportional with) the voltage of the one or more cells.
Once the time delay has elapsed, a marking signal is activated
to indicate the end of the time delay (710). The voltage of the
cell(s) may be determined based on the timing associated
with the marking signals (715). If there are further cells to be
monitored in the battery stack, a trigger signal may be sent to
the next time delay circuit to begin the next time delay. In
some embodiments, the time delay circuits may be chained
together and the marking signals of one circuit may be used to
trigger the beginning of the time delay operation for the next
circuit. Once time delays have been executed and marking
signals have been generated for all cells, process 700 ends
(725).

Referring now to FIG. 8, ablock diagram of another battery
monitoring system 800 is shown according to an exemplary
embodiment. System 800 includes five delay modules 855,
860, 865, 870, and 875 configured to measure and represent
information (e.g., voltages) about battery cells 805, 810, 815,
820, and 825, respectively, as time-based signals. System 800
may be an interleaved dual slope delay module system in
which time-based signals representing voltages for each of
cells 805, 810, 815, 820, and 825 are generated by performing
integrating and deintegrating operations in each of delay
modules 855, 860, 865, 870, and 875. The integrating opera-
tion of one delay module may be performed during a same
time period as the deintegrating operation of an adjacent
delay module. A trigger signal may be transmitted from a
controller 835 to first delay module 855 through a galvanic
isolation module 830 and may trigger the first integration and
deintegration delay cycle of first delay module 855. Once the
integration operation of first delay module 855 has con-
cluded, the integration operation of second delay module 860
may be triggered and may continue during the deintegration
operation of first delay module 855. This process may con-
tinue in a chained manner until the integration and deintegra-
tion cycles for all delay modules 855-875 have completed.
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Marking signals may be triggered at the end of each deinte-
gration cycle that may be used by controller 835 to determine
voltages for each of cells 805-825. Delay modules 855-875
are connected to controller 835 through a single wire daisy
chain configuration, allowing for a single monitoring point
and single point of galvanic isolation. System 800 may be
scaled to monitor any number of cells according to various
embodiments.

Referring now to FIG. 9, a graph 900 illustrating signals
that may be generated using battery monitoring system 800 is
shown according to an exemplary embodiment. A horizontal
time axis 905 of graph 900 represents elapsed time, and a
vertical voltage axis 910 represents voltages associated with
the signals. Graph 900 includes integrator output signals 920,
925, 930, 935, and 940 associated with delay modules 855,
860, 865, 870, and 875, respectively, and illustrating the
integration and deintegration operations of the delay modules
over time. Graph 900 also includes a first module south signal
915 illustrating the signal that may be seen at the south ter-
minal of first delay module 855 and fifth module north signal
945 illustrating the signal that may be seen at the north ter-
minal of fifth delay module 875. First module south signal
915 and fifth module north signal 945 are used by controller
835 to interface with the chain of delay modules 855-875 and
control the delay cycle.

Controller 835 begins the delay cycle chain by driving first
module south signal 915 below its negative rail for a specified
time interval Tsouth. First delay module 855 conducts the
integration operation, as shown in the Integratel portion of
first integrator output signal 920, until Tsouth elapses and first
module south signal 915 is released to its negative rail. During
the integration operation, first delay module 855 stores a
charge that is proportional to Vsouth*Tsouth (the voltage
Vsouth below the negative rail times the predetermined time
Tsouth during which the voltage is driven below the negative
rail). Once Tsouth elapses, first delay module 855 performs
the deintegration operation, as shown in the Deintegratel
portion of first integrator output signal 920, for a time period
T1 that is proportional to the voltage V1 of first cell 805. The
end of the deintegration operation triggers a marking signal
950 transmitted through the south terminal of first delay mod-
ule 855, as shown in first module south signal 915. Second
delay module 860 performs an interleaved or overlapping
integration operation, as shown in the Integrate2 portion of
second integrator output signal 925, during time period T1
while first delay module 855 performs the deintegration
operation. This process continues in a chain, with each delay
module executing an integration operation during a time
period in which the previous module is executing a deinte-
gration operation, until all delay cycles have been completed
and all marking signals have been transmitted through the
south terminal of first delay module 855. Controller 835 can
determine the relative voltages of the cells based on the time
intervals between marking signals in accordance with the
following equation, where cells x and y are any two cells in
the delay chain:

Vx*Tx=Vy*1y

In some embodiments, the north terminal of fifth delay
module 875 may be used to provide control signals to the
delay modules from controller 835. For example, fifth module
north signal 945 may be used to control latching of shunt
resistors in delay modules 855-875 to balance the charge of
cells 805-825. In the illustrated exemplary embodiment, fifth
module north signal 945 is pulled high, as illustrated by signal
portion 955, during an integration time period of fourth delay
module 870. This activates a fourth module shunt signal 960
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that causes fourth delay module 870 to latch a shunt resistor,
which dissipates a portion of the charge accumulated in cell
820. The latched shunt resistor state persists until the end of
the module’s delay period. This may be used to balance the
accumulated charge of cell 820 with the charge of the other
cells.

Referring now to FIG. 10, a circuit diagram of an analog
delay circuit 1000 of a delay module that may be used in the
implementation of battery monitoring system 800 is shown
according to an exemplary embodiment. Circuit 1000 may be
included as part of one of delay modules 855-875 in some
embodiments.

Circuit 1000 includes a positive voltage terminal 1044 and
anegative voltage terminal 1042 across which the battery cell
being monitored by circuit 1000 is connected. Circuit 100
includes a south terminal 1032 and a north terminal 1030
through which circuit 1000 communicates with other delay
circuits and with a controller. A negative reference voltage is
applied to south terminal 1032 for a particular period of time.
QSthLo transistor 1006 activates when the voltage at south
terminal 1032 drops below a ground or negative reference
voltage, and integrating signal 1036 is activated, indicating
circuit 1000 is performing an integration operation. QSouth
transistor 1008 activates and the integrator circuit accumu-
lates charge in capacitor 1020 at a rate determined by resistor
1070 and the magnitude of the negative reference voltage.
This time interval is referred to as the integrating time period
for circuit 1000. OpAmp 1016 and comparator 1018 are used
to perform integration and deintegration in a similar fashion
as a dual slope analog-to-digital converter. IntegratorOut sig-
nal 1050 is the output of the integrator portion of circuit 1000
and has dual slopes similar to those illustrated in graph 900
corresponding to the integration and deintegration operations
of circuit 1000.

Upon removal of the negative reference voltage at south
terminal 1032, circuit 1000 connects its positive voltage rail
through QDelnt transistor 1010 to the input of the integrator
portion of circuit 1000. This begins removing the accumu-
lated charge within capacitor 1020 at a rate determined by the
cell voltage and resistor 1070. This time interval is referred to
as the deintegrating time period for circuit 1000. Comparator
1018 detects when all of the accumulated charge has been
removed from capacitor 1020, at which point comparator
1018 activates QEOD transistor 1024, which in turn activates
a —EODPulse signal 1052, or end of delay marking pulse, as
well as a CompareOut signal 1054. The deintegrating time
period divided by the integrating time period is equal to the
magnitude of the negative reference voltage divided by the
cell voltage of the cell being monitored by circuit 1000. With
known reference voltage and measured time intervals using
marking signals, a controller can calculate the unknown cell
voltage. Because the measurements are relative measure-
ments between adjacent cell voltages, the accuracy of capaci-
tor 1020 and resistor 1070 do not affect the measurements.
The RC values may be selected to produce a particular mea-
surement resolution within a specified measurement range
and integration time budget.

Multiple circuits 1000 may be connected together in a
chain configuration using a single-wire north south daisy
chain configuration. In this configuration, the end of an inte-
grating time period for one delay circuit may trigger the
integrating time period for the next delay circuit in the chain.
The negative reference voltage used for integrating a circuit
may be satisfied with the southern neighboring cell delay
circuit negative voltage rail. Each circuit makes a connection
to the negative voltage rail for the circuit, which passes to the
northern neighboring circuit during the deintegration time
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period. This produces a concurrent and equal integration time
period for the northern neighboring delay circuit.

The chained circuits may output a series of end of deinte-
gration marking pulses whose pulse position intervals are
proportional to their respective cell voltage and the duration
and magnitude of the applied negative reference voltage
applied to the southern most delay circuit. The cell-to-cell
comparison of voltages is independent of the applied negative
reference pulse. By using cell-to-cell comparisons, the accu-
racy of the fixed reference voltage used to trigger the delay
process does not affect the voltage measurements, which may
reduce the cost of the components needed to generate the
negative reference pulse. The calculation of the cell voltages
is also not complex.

The end of delay marking pulses generated by each delay
circuit may be digitally propagated to the southern end of the
chain for single point monitoring and decoding by a control-
ler. Outgoing marking pulses transmitted through south ter-
minal 1032 may be reflected in DataOut signal 1034, and
incoming data pulses received through north terminal 1030
may be reflected in Dataln signal 1058. The propagation
delay of the signals does not have a cumulative error effect in
the end of chain timing and decoding because the delay cir-
cuits share the same digital propagation path with the excep-
tion of a single delay circuit propagation delay. Only a single
marking pulse is provided for each delay circuit, reducing the
number of delay pulses and scan time for the entire battery
stack without sacrificing measurement resolution by using
concurrent operations. Because the same cell is providing
drive voltage for both integrating and deintegrating opera-
tions at the same time, all variation and noise experienced by
the cell during that period affects both operations equally, and
the representation of the cell within the comparative compu-
tation performed by the controller is preserved.

The integrating nature of the measurement may allow pro-
duction of a high resolution measurement in noisy signal
environments. The integration of a signal over time may help
filter out high frequency noise. For example, noise throughout
the battery stack is common in many high power current
chopping electric motor drives used for electric vehicles. A
cell voltage scan frequency of 100 Hz (10 ms) may be able to
absorb nearly all of the cell voltage noise operating at or
around 10 to 20 kHz of the current chopper but still be able to
update 100 cells connected in series every second.

Because the measured delays are related to the connection
with neighboring cells, in some embodiments, the measure-
ments may be used to detect poor or faulty high current
connections. In an embedded configuration, the voltage drop
across the high current terminal is inherently included in the
voltage measurements without effecting the supply voltage to
the delay circuit. The measurements can be used to detect a
poor or faulty connection by comparing the measurements
with measurements for other cells. During hot plugging of
cells or high current terminal connections with a load applied
to the stack, high reversal potentials can be present in the
delay circuits. These high potentials can damage the delay
circuits if such circuits are not adequately protected. In the
embedded configuration, protection for this unexpected high
potential may be placed only on the north south data bus since
the delay circuit supply voltage is connected internally within
the delay circuit, for example via Qblock transistor 1002.

Circuit 1000 also includes a shunt resistor 1014 that may be
used to dissipate charge from the connected battery cell. A
data pulse may be received on north terminal 1030 that may
activate QNrthHi transistor 1028 and, in turn, activate Dataln
signal 1058. Dataln signal 1058 may be used to activate a
ShuntOn signal 1040, which activates a QShunt resistor 1012
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and latches shunt resistor 1014 across voltage terminals 1042
and 1044, dissipating charge from the cell. This may be used
to balance the charge of cells that are at a higher state of
charge than other cells in a battery stack. In some embodi-
ments, the data pulses may propagate through multiple linked
delay circuits and may be injected during an active state of a
particular circuit to select that circuit for shunt resistor latch-
ing. In some embodiments, incoming data pulses may be used
for other functions of circuit 1000.

Referring now to FIG. 11, a circuit diagram of a logic
portion 1100 of circuit 1000 shown in FIG. 10 is shown
according to an exemplary embodiment. Logic portion 1100
illustrates how certain input and output signals may be used to
trigger other input and output signals in circuit 1000.

CompareOut signal 1054 is the output of comparator 1018
and is normally high when inactive. CompareOut signal 1054
goes low when activated shortly after the integration process
begins and stays low until the integration and deintegration
processes end, at which point it becomes inactive and goes
high. -Integrate signal 1036 is normally high when inactive
and becomes active (i.e., goes low) when the voltage at south
terminal 1032 is pulled below the negative rail, causing the
integration process to begin. Dataln signal 1058 is normally
low and goes into an active high state when a northern delay
circuit or the controller pulls the signal at north terminal 1030
above the positive rail voltage, indicating data is being passed
into the circuit from a northern delay circuit. ~-EODPulse
signal 1052 is normally high and goes into an active low state
on the rising edge of CompareOut signal 1054, indicating a
full delay cycle has been completed.

—Active signal 1048 is used to indicate when circuit 1000 is
in an active state. —Active signal 1048 is activated when it is
atalow level and is activated when either CompareOut signal
1054 or —Integrating signal 1036 is active (i.e., when either
signal is low). An active —Active signal 1048 indicates that
circuit 1000 is performing either the integration or deintegra-
tion operation.

-Delntegrate signal 1038 is normally high when inactive
and is active when in a low state. —Delntegrate signal 1038
goes into an active low when -Integrating signal 1036 goes
into an inactive high state and CompareOut signal 1054 is still
in an active low state, indicating that integration has com-
pleted but the full delay cycle has not, so circuit 1000 is in the
deintegration process. IntegrateNorth signal 1056 is inactive
when low and active when high and is the inverse of —Deln-
tegrate signal 1038. IntegrateNorth signal 1056 is used to
trigger integration of the delay circuit to the north of circuit
1000 while circuit 1000 performs deintegration. Together,
IntegrateNorth signal 1056 and —Delntegrate signal 1038
control the interleaved integration and deintegration opera-
tions of adjacent delay circuits. —DataOut signal 1034 is
active when low and is activated as a pulse when ~-EODPulse
signal 1052 is active (i.e., low) or Dataln signal 1058 is active
(i.e., high), indicating that data that is either generated inter-
nally by circuit 1000 or received from north terminal 1030 is
being transmitted out of south terminal 1032.

In some embodiments, circuit 1000 may provide a shunt
resistor 1014 that may be used to dissipate energy from a cell,
for example, for charge balancing purposes. ShuntOn signal
1040 is active when high and is activated when Dataln signal
1058 is activated, causing shunt resistor 1014 to be latched.
NORS and NORG6 form a set-reset latch that latches ShuntOn
signal 1040 into an active state even after Dataln signal 1058
goes low. ShuntOn signal 1040 remains in an active state until
-EODPulse signal 1052 goes into an active low state, which
resets ShuntOn signal 1040 into an inactive low state and
unlatches shunt resistor 1014.
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Exemplary embodiments presented herein may provide
one or more of various advantages. The circuits may utilize
simple circuitry and may be implemented at a relatively low
cost per cell. Some embodiments may provide a distributive
option to reduce electromagnetic interference possibilities
and the required wire lengths between a management system
and the battery cells. For example, delay circuits may be
collocated or embedded within the battery cells as opposed to
being remotely or centrally located. A daisy chain connection
may be used between neighboring cell circuits, using shorter
wire lengths and less overall wiring than a wiring harness
connecting the cells to a centralized circuit assembly.
Embodiments that do not utilize analog-to-digital converters
(ADCs) have no cell level ADC quantization error because
the time interval is continuous. In some embodiments, the
continuous time interval may allow for higher resolution con-
version at a later point. The circuits may have low parasitic
draw on battery cells, no clocks, low data rates, and a natu-
rally passive circuit state. The circuits may operate without
requiring any digital or sampling synchronization. In some
embodiments, a single wire data bus may be utilized to reduce
the number of wires that need to be used. Some embodiments
may be embedded or integrated inside a battery stack and/or
the battery cells to further reduce construction costs and pro-
vide hot plugging protection.

The construction and arrangement of the systems and
methods as shown in the various exemplary embodiments are
illustrative only. Although only a few embodiments have been
described in detail in this disclosure, many modifications are
possible (e.g., variations in sizes, dimensions, structures,
shapes and proportions of the various elements, values of
parameters, mounting arrangements, use of materials and
components, colors, orientations, etc.). For example, the
position of elements may be reversed or otherwise varied and
the nature or number of discrete elements or positions may be
altered or varied. Accordingly, all such modifications are
intended to be included within the scope of the present dis-
closure. The order or sequence of any process or method steps
may be varied or re-sequenced according to alternative
embodiments. Other substitutions, modifications, changes,
and omissions may be made in the design, operating condi-
tions and arrangement of the exemplary embodiments with-
out departing from the scope of the present disclosure.

The present disclosure contemplates methods, systems and
program products on any machine-readable storage media for
accomplishing various operations. The embodiments of the
present disclosure may be implemented using existing com-
puter processors, or by a special purpose computer processor
for an appropriate system, incorporated for this or another
purpose, or by a hardwired system. Embodiments within the
scope of the present disclosure include program products
comprising machine-readable storage media for carrying or
having machine-executable instructions or data structures
stored thereon. Such machine-readable storage media can be
any available media that can be accessed by a general purpose
or special purpose computer or other machine with a proces-
sor. By way of example, such machine-readable storage
media can comprise RAM, ROM, EPROM, EEPROM, CD-
ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, flash memory, or any other
medium which can be used to carry or store desired program
code in the form of machine-executable instructions or data
structures and which can be accessed by a general purpose or
special purpose computer or other machine with a processor.
Machine-readable storage media are tangible storage media
and are non-transitory (i.e., are not merely signals in space).
Combinations of the above are also included within the scope
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of machine-readable storage media. Machine-executable
instructions include, for example, instructions and data which
cause a general purpose computer, special purpose computer,
or special purpose processing machines to perform a certain
function or group of functions.

Although the figures may show a specific order of method
steps, the order of the steps may differ from what is depicted.
Also two or more steps may be performed concurrently or
with partial concurrence. Such variation will depend on the
software and hardware systems chosen and on designer
choice. All such variations are within the scope of the disclo-
sure. Likewise, software implementations could be accom-
plished with standard programming techniques with rule-
based logic and other logic to accomplish the various
connection steps, processing steps, comparison steps, and
decision steps.

What is claimed is:

1. A system for monitoring a battery stack having a plural-
ity of cells, the system comprising:

aplurality of time delay circuits connected in a daisy chain

connection, each of the plurality of time delay circuits
being electrically coupled to at least one of the plurality
of cells,

wherein a remaining plurality of time delay circuits are

configured to sequentially receive trigger signals via the
daisy chain connection after a first time delay circuit is
triggered,
wherein each of the plurality of time delay circuits are
configured to execute a time delay in response to receiv-
ing the trigger signal, and output a time delay marking
signal indicating that the time delay has elapsed,

wherein the time delay is based on a voltage of the at least
one of the plurality of cells to which the respective time
delay circuit is electrically coupled, and

wherein the daisy chain connection provides a temporally

transparent transmission path for propagating the time
delay marking signals to the end of the daisy chain
connection for time interval decoding; and

a control circuit configured to receive the time delay mark-

ing signal from each of the plurality of time delay cir-
cuits and, for each received time delay marking signal, to
determine the voltage of the at least one of the plurality
of cells associated with the respective time delay mark-
ing signal based on time intervals between the time delay
marking signals.

2. The system of claim 1, wherein at least one of the
plurality of time delay circuits is configured to output a ref-
erence time delay marking signal, and wherein the control
circuit is configured to receive the reference time delay mark-
ing signal and calibrate the control circuit to determine the
voltage for one or more of the plurality of cells based on the
reference time delay marking signal.

3. The system of claim 1, wherein a plurality of time delay
circuits are configured to execute at least a portion of their
respective time delays concurrently.

4. The system of claim 3, wherein each of the time delay
circuits is configured to perform an integration operation in
which electrical charge is accumulated in a capacitor of the
time delay circuit and a deintegration operation in which the
capacitor is discharged, and wherein the system is configured
such that one time delay circuit performs the integration
operation while another time delay circuit performs the dein-
tegration operation.

5. The system of claim 1, wherein the control circuit is
configured to transmit a first trigger signal to a first time delay
circuit, and wherein at least some of the time delay marking
signals of the plurality of time delay circuits are used as
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trigger signals for some time delay circuits, such that the first
trigger signal transmitted from the control circuit causes a
plurality of time delay circuits to execute time delays in a
chain.

6. The system of claim 1, wherein the control circuit is
configured to receive the time delay marking signals from the
plurality of time delay circuits via a single input, and wherein
outputs of the time delay circuits are electrically connected to
the input of the control circuit in a manner such that an input
signal received at the input of the control circuit indicates the
presence of a time delay marking signal when any of the
plurality of time delay circuits outputs a time delay marking
signal.

7. The system of claim 1, wherein the control circuit is
configured to determine a comparative voltage level between
two cells by using a voltage of one of the cells as a reference
voltage when determining a voltage of the other of the cells.

8. The system of claim 1, wherein at least one of the
plurality of time delay circuits or the control circuit are con-
figured to be embedded within the battery stack.

9. The system of claim 1, wherein the control circuit is
configured to balance a charge level of the battery cells based
on the determined voltages.

10. A method for monitoring a battery stack having a plu-
rality of cells, the method comprising:

for each of aplurality of subsets of the plurality of cells that

are connected in a daisy chain and triggered sequen-
tially, executing a time delay that is proportional to a
voltage of the subset of cells, wherein each subset of the
plurality of cells comprises one or more cells;

for each of the plurality of subsets of the plurality of cells,

sequentially activating a time delay marking signal
when the time delay has elapsed and propagating the
time delay marking signals to the end of the daisy chain
for time interval decoding; and

for each time delay marking signal, determining the volt-

age of the associated subset of cells based on a time
interval between the time delay marking signals.

11. The method of claim 10, further comprising receiving
a reference time delay marking signal, wherein, for each time
delay marking signal, the voltage of the associated subset of
cells is determined based on the time delay marking signal
and calibrated using the reference time delay marking signal.

12. The method of claim 10, wherein the time delays for the
plurality of subsets of cells are executed in a chain and the
time delay marking signal of one subset of cells is used to
trigger execution of the time delay for the next subset of cells.

13. The method of claim 10, wherein the time delays for the
plurality of subsets of cells are executed in a chain and the
time delay marking signal of one subset of cells is used to
trigger execution of the time delay for the next subset of cells.

14. The method of claim 10, further comprising embedding
circuitry within the battery stack that is configured to execute
the time delays, activate the time delay marking signals, and
determine the voltages.

15. The method of claim 10, further comprising balancing
a charge level of the battery cells based on the determined
voltages.

16. A system for monitoring a battery stack having a plu-
rality of cells, the system comprising:

means for executing, for each of a plurality of subsets of the

plurality of cells that are connected in a daisy chain and
triggered sequentially, a time delay that is proportional
to a voltage of the subset of cells, wherein each subset of
the plurality of cells comprises one or more cells;
means for sequentially activating, for each of the plurality
of subsets of the plurality of cells, a time delay marking
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signal when the time delay has elapsed and propagating
the time delay marking signals to the end of the daisy
chain for time interval decoding; and

means for determining, for each time delay marking signal,

the voltage of the associated subset of cells based on a
time interval between the time delay marking signals.

17. The system of claim 16, further comprising means for
receiving a reference time delay marking signal, wherein, for
each time delay marking signal, the voltage of the associated
subset of cells is determined based on the time delay marking
signal and calibrated using the reference time delay marking
signal.

18. The system of claim 16, wherein the means for execut-
ing the time delays for the plurality of subsets of cells is
configured to execute the time delays in a chain and the time
delay marking signal of one subset of cells is used to trigger
execution of the time delay for the next subset of cells.

19. The system of claim 16, further comprising means for
determining a comparative voltage level between two cells by
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using a voltage of one of the cells as a reference voltage when
determining a voltage of the other of the cells.

20. The system of claim 16, wherein the means for execut-
ing, means for activating, and means for determining are
embedded within the battery stack.

21. The system of claim 16, further comprising means for
balancing a charge level of the battery cells based on the
determined voltages.

22. The system of claim 16, wherein the means for deter-
mining, for each time delay marking signal, the voltage of the
associated subset of cells is configured to receive the time
delay marking signals via a single input, wherein the single
input is configured such that an input signal received at the
input of the control circuit indicates the presence of a time
delay marking signal when any of the time delay marking
signals are activated.



